Abstract. Due to high competitive nature of today's product market, it is essential for conceptual design architecture solution to be derived faster while still maintaining a certain level of innovation to differentiate it from other competing products. This can be a handful task for the development of complex product designs with the current geometrical-based approaches due to plethora of possible physical alternatives to be considered. The search for product design architecture solutions from its functional requirements is more effective as the functional space is comparatively smaller than the physical search space. This allows the design and development effort to be more focused and saves time and resources. With this notion, there is a driving motivation to adapt the functional approach into the conceptual design process to exploit some of its benefits. In this paper, a methodology to derive the product architecture solution from functional approach is discussed and proposed.
Introduction
Conceptual design is one of the most important phases in product development process. Decisions made during this stage highly influence the complexity and costs of downstream stages later on. It is essential to make the right decisions during this early stage since any required design revisions due to bad conceptual decisions will prolong the development process and increase overall production costs; causing expensive delay in the product's market introduction. It is estimated that up to 75% of committed manufacturing costs of a product depend on decisions made during the early stages [1] .
The heart of the conceptual stage is the selection of a product design concept to be developed in solving the identified problems or driving customer needs. Many products today are fundamentally redesigned or physically-inspired from their existing predecessors. This puts a higher emphasis on physical aspects of the product in constraining its design process. For instance, if an existing aircraft has been chosen as the reference baseline design to be redesigned, the designers are constrained by the existing physical limitations and also the interrelationships between its current subsystems [2, 3] . The design process then has to be worked around accommodating these constraints. Although this practice can help to increase the probability that the new product will successfully work, it limits the designer in finding new, innovative solutions. As reported in [4] , such cases of design fixation can result in less creativity during initial product ideation process. On the other hand, the exploration of potential design solutions through the functional space is believed more flexible and better promotes innovation. The physical descriptions of a product design are supposed to be driven by its intended functions; hence naturally the latter should be the primary constraints of the design process [5] . The functional space is theoretically more generic and hence allows more flexible conceptual building blocks when exploring the potential design solutions.
This paper describes a proposed conceptual design method that approaches product development process from its functional aspect. The primary goal of this methodology is to facilitate designers in deriving innovative product design concepts faster and reduce the risks of making design mistakes in the early stages.
Function-based Methodology for Conceptual Product Design
The systematic view of conceptual product design process begins with identification of its intended overall function. This highest level of product function can then be broken down into its lower level sub-functions. This practice is repeatedly done until the resultant sub-functions are taken to be at the lowest possible level. At this point, a reference functional structure in constructing or selecting the physical generation of the product design has been derived. The designers will decide on possible solutions (physical components or parts or assemblies) that can successfully fulfill the required sub-functions and the integration of the components for all sub-functions will dictate the physical design of the product. A number of alternative concepts can be generated by making different decisions on the physical manifestation of the sub-functions. The flowchart in Fig. 1 summarizes the steps in the proposed methodology. Functional Decomposition. To create the initial functional structure of the product, designers have to identify, explore and organize the information of the product functions. There have been several researches on how to construct or represent the functions. In many researches, function is related to the transformation between the inputs and outputs of material, energy and signal. In other words, a function describes the relation between inputs and outputs of a system that is performing a specific task [6] . However, this notion of defining function as input-output transformation relationship can alienate or overlook some functions that do not transform something. This is true for components or parts like valves that are used to control the flow movement without changing any of its properties, hence input and output states are simply the same. It is essential to consider such functions as well while developing the product design. Ref. [7] summarizes several researches on the methodologies to derive a product's functional structure. Overall, it can be concluded that the traditional functional representations are mostly based on verb-noun pairs, input-output flow transformations and also transformations between input-output characteristics. In early conceptual design stage, very little information is known about the end product design and it is advisable to maintain the high level of design freedom to promote derivation of innovative ideas. Based on this motivation, the verb-noun pair representation is seen as the most adequate due to its generality in constructing the functional structure. This means that designers do not have to be too detailed on the potential input-output flows between the sub-functions, which may need some depth of knowledge in the physical manifestation of the functions. An example of a verb-noun pair representation used is shown in Fig. 2 , which is taken from the functional breakdown of an aircraft.
It should be noted that the main challenge in deriving the functional breakdown of the product is to identify the adequate level to stop the decomposition process. Every company or every designer has a different notion or procedure on where the decisions on the physical design should be made. For instance, aircraft manufacturers often make such decisions at the primary subsystem level since their suppliers will be responsible for the design of several subsystems. In this situation, there is no need to
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decompose the functions of an engine, for example, up to its "bolts and nuts" level. All that is mainly required is the functional specifications on what the engine unit should be able to do for the supplier to develop it for the manufacturer. With this in mind, execution of this decomposition step should take into account type of product that is being developed and working procedures that is adopted by the manufacturers in terms of designing and developing its line of products. Once the functional tree has been constructed, integration of the functions can be done to dictate how the physical manifestation of the product design will take place. Taking the sample functional tree in Fig. 3 , the designer can decide to group some functions together. Note that each grouping ultimately represents a physical component, part or assembly that can execute all of the functions in the group. Care must be taken in this grouping exercise as it is more effective if the functions are closely related to each other within the group. By having different groupings of functions, it also means that the physical design of the product will be different since different parts or components are comprised in building the product's physical design architecture. This situation is highlighted in Fig. 4 for an aircraft example.
In addition, this integration analysis stage is where any interdependencies between the functional groupings are established. The identification of the functional interrelationships is important as they often translate into a need for physical linking between the physical parts or components. If this is overlooked, the integrated product system may not work as intended because some of its parts or components cannot operate.
Physical Manifestation and Integration Analysis.
After the functional groupings have been fully established, the functional details for each group are used in the selection of the physical component or part. The choice of the physical manifestation can be accomplished in two ways: one is to select from available off-the-shelf parts or components while the other is to request the suppliers to design and specifically develop the parts or components as required for use in the product development. It is evident that the former case is more restricted to the available components in the market whereas the second way provides more freedom to the designer in terms of grouping of functions in previous stage. However, the manufacturing cost for the product will be more in the second method.
Once the physical parts or components have been chosen, integration analysis in terms of their physical requirements needs to be done to ensure that they can successfully work to achieve all the assigned functions. In this step, new secondary functions may arise. For instance, if an electric pump is chosen as the physical component to satisfy the function, there is a need for provision of electrical power supply. This "provide electrical power" function becomes a secondary function and needs to be implemented as part of the product system or otherwise, the pump will not be able to execute its intended function. On the other hand, if a hydraulic pump is selected instead of the electrical pump, then the secondary function now becomes "provide hydraulic power". As can be inferred from this example scenario, the secondary function will depend on the choice of physical manifestation of the product functions.
As shown in Fig. 1 , process iteration is sometimes necessary to cater for the secondary functions or in cases when no possible physical part or component option is available for any of the functional groupings made previously. In the latter case, the grouping may need to be reconstructed to loosen the functional requirements for the physical part or component.
Conclusion
This paper aims to introduce a conceptual product design methodology from the functional analysis. It has been shown that the design freedom is higher in dictating the product design from its intended functions instead of the emphasis on its physical characteristics. The groupings of the functions can introduce alternative design concepts that might be revolutionary and innovative in nature since it is not bounded to the existing products or limited by the available physical parts or components. This is the main advantage of the methodology to promote innovations. The feedback link in the process provides a check-and-balance to the product concept especially on whether the design innovation is realistically achievable or not.
